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A  Nd:YAG  pumped  dye  laser  system  was  used  to  two-photon  excite  oxygen  atoms 
i!  225, h  nm  in  an  atmospheric  pressure  CH,  /N^()/N9  flame.  Subsequent 
emission  at  844.7  nm  from  the  directly  popu^ated^ state,  as  well  as  a  stronger 
emission  at  777.5  nm  due  to  the  0(lp  ^P^lp  P)  collisional  energy  transfer 
process,  was  monitored.  Two-photon  resonant  oxygen  atom  and  hydrogen  atom 
(f’5h.1  nm)  emissions  were  also  observed  in  the  absence  of  a  flame.  Closer 
examination  revealed  that  the  tightly  focussed  probe  beam  was  producing 
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these  atoms  by  promoting  multiphoton  photolysis  of  the  oxidizer,  as  well  as 
fuel  molecules.  Thus,  this  type  of  laser  diagnostic  probe  is  potentially 
quite  intrusive  depending  on  the  combustion  region  that  is  probed,  as  well  as 
the  laser  energies  used. 
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I.  INTRODUCTION 


Propel!  nit  combustion  is  a  process  of  considerable  complexity  in  which 
high  temperature  chemical  reactions  play  a  major  role.  In  order  to  understand 
the  actual  heat  releasing  chemical  steps  that  are  involved,  an  extensive 
program  has  been  ongoing  at  BRL,  as  well  as  in  other  combustion  research 
institutions,  where  much  simpler  laboratory  model  flames  are  studied  in 
detail.  Such  studies  involve  the  interplay  of  flame  diagnostics  (usually 
based  on  laser  spectroscopy  techniques)  with  flame  modeling  work,  as  well  as 
allied  kinetics  efforts  to  supply  necessary  elementary  reaction  rate  constants 
for  such  detailed  chemical  flame  models.  In  the  area  of  flame  diagnostics, 
laser  spectroscopy  techniques  such  as  absorption,  Raman,  laser  induced 
fluorescence  (LIF),  coherent  anti-Stokes  Raman  spectroscopy  (CARS),  etc.,  have 
been  able  to  detect  the  stable  major  flame  species  as  well  as  many  reactive 
molecular  intermediates.  There  is,  however,  an  important  class  of  combustion 
intermediates,  i.e.,  the  flame  atoms,  such  as  H,  0,  and  N,  which  has 
historically  eluded  direct  detection  due  to  the  lack  of  accessible  energy 
levels  for  single  photon  excitation. 

Very  recently,  though,  multiphoton  excitation  techniques  have  been 
successful  in  detecting  the  hydrogen  and  oxygen  atoms  in  a  flame.  So  far,  two 
distinct  detection  approaches  have  been  demonstrated,  one  involving 
multiphoton  emission  (MFF.)1’^  and  the  other  multiphoton  ionization  (MPI),  ’ 
the  latter  also  referred  to  as  optogalvanic  detection.  In  the  case  of  the 
oxygen  atoms,  however,  direct  detection  in  a  flame  was  first  accomplished  by 
spontaneous  Raman  scattering^  and  coherent  anti-Stokes  Raman  spectroscopy 
(CARS).  Apparent ly,  sensitivity  limits  and  spectral  Interferences  have 
prevented  further  development  of  these  spectroscopies  for  atomic  flame 
detect  ion. 


h-!.  Mien,  7.  Finer,  P.  Graf strom,  and  S .  Svanberg,  "Tuo-Photon  Excitation  of 
Atonic  Oxygen  in  a  Flame, "  Opt.  Comm.,  Vol.  42,  p.  244,  1982. 

9 

Lucht,  * l.T .  Salmon,  G.B.  King,  D.W.  Soeeney,  and  N.M.  Laurendeau,  "Tuo- 
Pho ton- Excited  Fluorescence  Measurement  of  Hydrogen  Atoms  in  Flames," 

Opt.  Lett.,  Vol.  8,  d.  365,  1983. 

’ J.F.M.  Goldsmith,  "Resonant  Multiphoton  Optogalvanic  Detection  of  Atomic 
Hydrogen  in  Flames,"  Opt.  Lett.,  Vol  7,  p.  437,  1982. 

‘■J.E.M.  loldsmith,  "Resonant  Multiphoton  Optogalvanic  Detection  of  Atomic 
Oxygen  in  Flames,"  .7.  Chem,  Phys.,  Vol.  78,  p.  1610,  1983. 

fj 

l>.J.u.  T.jossem  and  T.A.  Cool,  "Detection  of  Atomic  Hydrogen  in  Flames  by 
Resonance  vour- Photon  Ionization  at  365  ran,"  Chem.  Phys.  Lett.,  Vol.  100, 

P.  479,  19*3. 

0.9.  tnsch  and  -T.H.  Bechtel,  "Spontaneous  Raman  Scattering  by  Ground-State 
Oxygen  Atoms,"  Opt.  Lett.,  Vol.  6,  p.  36,  1981. 

R.F.  Teets  and  -i.H.  Bechtel,  "Coherent  Anti-Stokes  Raman  Spectra  of  Oxygen 
Ar.nms  in  Karnes,"  Op t.  Lett..  Vol.  6,  p.  458,  1981. 


m 


.M.'il.lV'll.'ll.'iLi.t'lL'll 


£*»£**£♦  JLWtAtAl 


Both  the  MPI  and  the  MPE  approaches  suffer  certain  limitations  :  MPE 
always  has  quenching  considerations  as  well  as  photometric  inefficiencies, 
while  MPI  lacks  selectivity  in  signal  detection,  and  is  thus  quite  susceptible 
to  background  ionization.  In  either  approach,  the  nonlinear  signals  which 
usually  depend  on  the  number  of  photons,  n,  required  for  the  given  transition, 
are  generally  low  due  to  the  characteristically  small  multiphoton  absorption 
cross  sections.  Thus,  tight  focusing  and  maximum  laser  energy  extraction  is 
typically  desirable.  We  have  made  recent  observations  in  our  laboratory, 
however,  which  suggest  that  at  sufficiently  high  laser  energies,  the  flame 
diagnostic  probe  can  become  substantially  intrusive  by  promoting  multiphoton 
dissociation  of  the  parent  fuel  and  oxidizer  molecules,  in  this  case  into 
hydrogen  and  oxvgen  atoms.  Also,  we  have  observed  very  efficient  collisional 
energy  transfer  from  the  two-photon  populated  oxygen  level  to  a  neighboring 
level,  as  well  as  energy  transfer  from  the  excited  oxygen  to  hydrogen  atoms 
(see  Figure  1).  The  two-photon  excitation  scheme  for  oxygen  atoms  using 
225  nm  photons,  followed  by  detection  of  emission  at  845  nm  (see  Figure  1), 
was  initialls'  demonstrated  in  a  low  pressure  discharge^  and  then  applied 
successfully  for  the  first  time  -o  a  combustion  environment  in  an  experiment 
involving  the  C2Ht/02  flame. * 

II.  EXPERIMENTAL 

Figure  2  shows  the  experimental  schematic.  A  Nd:YAC.  laser  is  used  to 
pump  a  dye  laser  in  which  R590  dye  is  circulated.  The  output  is  frequency 
doubled  and  mixed  with  the  1.06  micron  Nd:YAG  fundamental  in  a  commercial 
wavelength  extender  to  produce  tunable  radiation  in  the  225  nm  range.  This 
beam  is  then  focussed  with  a  100  mm  focal  length  lens  into  a  curved  knife-edge 
burner,  whose  edges  are  separated  by  3  mm  from  each  other,  and  in  which  a  fuel 
rich  CH4/N2O/N2  flame  (0.14:0.38:0.48)  is  stabilized.  Laser  pulse  widths  of 
5  nsec  and  energies  up  to  1.5  mj oulos/pulse  at  10  pps  were  employed.  The 
emitted  radiation  from  the  flame  was  collected  by  a  lens  system  and  passed 
through  a  broadband  filter  into  a  0.3  m  monochromator  whose  slits  were 
relatively  wide  (ca.  2  nm)  and  finally  detected  by  a  photomultiplier  tube  (EMI 
9659QA).  The  PMT  output  was  fed  into  a  7912AD  Tektronix  transient  digitizer, 
which  was  interfaced  with  a  PDP  11/04  computer.  Typically  50-300  laser  shots 
we*-e  averaged  per  data  point. 


III.  RESULTS  AND  DISCUSSION 

Figure  3  shows  an  0  atom  emission  profile  through  the  curved  knife-edge 
burner.  A  well-defined  flame  front  is  quite  evident  while  the  second  peak  is 
interpreted  as  resulting  from  entrained  air  further  reacting  with  the  fuel- 
rich  post-flame  gases.  Figure  3  is  based  on  monitoring  the  777.5  nm  line, 
which  is  actually  a  grouping  of  three  closely  spaced  lines  originating  from 
the  three  upper  states  to  the  common  3S^  state.  The  emission  intensity  of 
this  group  as  measured  in  the  primary  flame  zone  was  about  an  order  of 
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Experimental  Schematic  for  0-Atom  MPE  Experiments 


Figure  3.  0  Atom  Emission  Profile  at  777.5  nm  in  a  Curved  Knife- 

Edge  Burner  Supporting  a  Fuel-Rich  CH4/N2O/N2  Flame 


magnitude  greater  than  the  emission  at  844.7  nm.  When  photometric  wavelength 
differences, such  as  grating  and  PMT  quantum  efficiencies  are  taken  into 
account,  the  777.5/844.7  emission  ratio  is  still  about  3.  This  indicates  an 
efficient  energy  transfer  process  and  has  desirable  analytical  implications 
since  now  two  different  wavelengths  are  available  for  0  atom  detection.  Due 
to  the  fact  that  low  signal  levels  were  usually  a  problem,  most  of  the 
experiments  were  done  monitoring  the  777.5  nm  line. 

Figure  4  shows  the  0  atom  two-photon  excitation  spectra  where  the  ground 
spin-orbit  states  are  resolved.  The  observed  ratio  of  9. 5:4. 1:1  can  be 
compared  to  a  Boltzmann  calculated  ratio  of  5.8:3. 1:1  for  an  adiabatic  flame 
temperature  of  2290°K.  This,  in  turn,  can  be  compared  to  the  ratio  of 
1 .6 : l .3: 1, which  was  observed  in  optogalvanic  experiments  on  the  l^/f^/Ar 
flame."4  The  reason  for  these  discrepancies  is  not  clear  at  this  time,  but 
recently  there  have  been  further  theoretical  efforts  to  substantiate  the  two- 
photon  absorption  cross  sections  which  were  found  to  be  equal  for  each  of  the 
three  fine-structure  components  involved  in  this  transition.^  A  rough 
estimate  of  0.0001%  for  the  detec-^on  limit  is  based  on  the  emission  intensity 
in  the  primary  flame  zone  (see  Fig  r.  3)  and  a  calculated  0  atom  mole  fraction 
of  0.005%  (NASA/Lewis  equilibrium  progim).  This  number  should  be  improved  by 
at  least  an  order  of  magnitude  by  optimizing  the  optical  collection 
efficiency,  as  well  as  using  a  red-sensitive  PMT.  This  detection  limit  can  be 
compared  to  0.01%  indicated  in  the  previous  MPE  experiment, ^  par ts-per-million 
sensitivity  for  the  MPI  experiment,  as  well  as  0.01-0.1%  for  the  two  Raman 
experiments.  ’ 

Further  spectral  investigations  revealed  another  emission  line  centered 
at  656.3  nm,  which  was  generally  as  intense  as  the  777.5  nm  line  and  was 
resonant  with  0  atom  two-photon  excitation.  We  have  identified  this  emission 
as  the  H  transition  in  the  hydrogen  atom  Balmer  series  (see  Figure  1). 
However,  the  mechanism  for  populating  the  n=3  level,  which  is  8861  cm-1  higher 
in  energy  than  the  laser  populated  0  atom  level,  was  quite  unclear  for  some 
time.  Another  even  more  surprising  observation  was  the  detection  of  the  two 
0  atom  emission  lines,  as  well  as  the  656.3  nm  H-atom  line  in  the  absence  of  a 
flame  when  only  room  temperature  premixed  gases  were  flowing  through  the 
burner.  In  order  to  understand  these  findings,  a  determination  of  the  order 
of  nonlinearity,  n,  of  these  signals  under  different  conditions  was  initiated 
and  the  results  are  given  in  Table  1.  The  uncertainties  for  the  value  of  n 
are  based  on  a  number  of  different  runs  in  which  the  Nd :YAG  amplifier  lamp 
energy  was  varied  to  yield  energies  between  0.2-1. 5  mj oule/pulse.  Clearly, 
this  is  not  the  best  way  to  vary  the  probe  laser  energy  since  the  output  pulse 
time  profile  may  change  somewhat.  Unfortunately,  intensity  attenuation 
attempts  using  polarizers  available  in  our  laboratory  were  unsuccessful  since 
the  coatings  could  not  withstand  the  high  peak  intensities  and  short 
wavelengths  used.  Nevertheless,  the  results  listed  in  Table  1  are  consistent 
with  a  qualitative  picture  of  multiphoton  induced  photolysis  of  the  fuel  and 
oxidizer  parent  molecules  followed  by  a  0  atom  two-photon  resonant  formation 
of  a  microplasma.  In  the  preheat  region  the  value  of  n=4  is  close  to  what  is 
found  for  the  ^0  room  temperature  flow  where  n=5,  suggesting  that  multiphoton 
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Figure  4.  0-Atom  Emission  at  777.5  nm  Due  to  Spin-Orbit  Resolved  Ground  States  in  the 

Primary  Flame  Zone 


TABLE  1.  ORDER  OF  NONLINEARITY  (n)  OF  MULTIPHOTON  INDUCED 

EMISSION  SIGNALS3 


Atom  (Emission  X)  Flame  Region  Probed  _ n 


0  (777.5  nm)  Preheat  4  ±  0.5 

Primary  2  ±  0.5 

Post-Flame  1.8  ±  0.5 

Room  Temp.  Flow  5  ±  1 

H  (656.3  nm)  "  10  + 


a  -  Where  emission  signal  a  (laser  energy)3 


photolysis  of  ^0  is  contributing  significantly  to  the  total  0  atom  emission 
signal.  In  the  primary  and  post-! 'La  •-->  regions,  however,  the  value  of  n=2  is 
just  what  one  would  expect  for  a  two-photon  generated  signal  where  the 
photolytic  parent,  ^0,  has  already  reacted  away  and  the  native  0  atom  flame 
population  is  relatively  high.  The  highest  order  of  nonlinearity  is  found  for 
the  H  atom  emission  which  is  expected  since  it  takes  some  number  of  photons  to 
photolyze  CH^,  and  more  .for  N2O,  and  finally  two  to  excite  the  0  atoms.  The 
lack  of  uncertainty  limits  for  the  H-atom  case  attests  to  the  difficulty 
(i.e.,  long  averaging  times  and  high  degree  of  scatter)  involved  in  making 
measurements  on  very  high  orders  of  nonlinearity. 

A  microplasma  is  not  surprising  since  the  absorption  of  the  third  photon 
Ionizes  the  0  atoms^  and  the  temperature  in  the  focal  volume  may  be  much 
hotter  than  even  the  flame  temperature,  thus  promoting  collisional  energy 
transfer  from  0  to  H  atoms.  An  alternative  to  multiphoton  photolysis  might  be 
plasma  chemistry  involving  highly  excited  states  or  ion-molecule  reactions, 
but  these  explanations  seem  less  likely  since  all  of  the  emissions  are  prompt, 
i.e.,  5  nsec  or  less  apart  from  each  other.  Again,  it  should  be  stressed  that 
the  results  in  Table  1  are  qualitative  in  nature  since  signal  levels, 
especially  where  n  is  high,  were  quite  low,  requiring  laser  energies  over 
1  mj oule/pulse,  and  they  are  based  on  the  collisionally  induced  777.5  nm  line 
where  the  rates  of  collisional  energy  transfer  may  not  be  constant  for  the 
different  experimental  conditions.  Clearly,  this  is  a  complex  situation  which 
deserves  further  study.  Nevertheless,  the  potential  for  the  multiphoton 
diagnostic  probe  to  be  intrusive  certainly  exists  and  thus  appropriate  caution 
should  be  exercised  in  these  types  of  experiments.  The  implication  of  our 
results  to  previous  multiphoton  0  atom  flame  studies  cannot  be  readily 
assessed  since  those  were  done  on  flame  systems  other  than  the  CH4/N2O/N2  and 
thus  photochemical  effects  (if  any)  are  probably  quite  different.  Finally, 
multiphoton  induced  photolysis  should,  in  fact,  not  be  too  surprising  since 
recent  literature  in  chemical  physics  has  many  examples  of  such,  even 


involving  typical  flame  molecules  like  Ho1U  or  C2H2.11  There  is  even  a  recent 
flame  paper  where  laser  probe  intrusion  (presumably  photochemical)  was 
noted.  ^  On  the  other  hand,  as  pointed  out  by  those  authors,  there  may  be  new 
opportunities  to  expand  our  knowledge  of  combustion  by  exploiting 
photochemistry. 


IV.  CONCLUSIONS 


The  following  conclusions  can  be  reached  on  the  basis  of  our  experiments. 

1.  Oxygen  atoms  can  be  detected  in  a  CH4/N2O/N2  flame  by  two-photon 
excitation  at  225.6  nm  and  emission  detection  at  844.7  nm. 

2.  The  colltsional  energy  transfer  between  the  directly  populated  P 
excited  oxygen  atom  state  and  the  neighboring  state  is  very  efficient. 

This  is  quite  surprising  since  the  process  involves  the  change  of  spin 
multiplicities.  For  a  given  experimental  condition,  the  resulting  emission  at 
777 .5  nm  can  be  much  more  intense  than  the  one  at  844.7  nm  and  thus  be  more 
useful  for  sensitive  analysis  of  O-atoms. 

2.  Hydrogen  atom  emission  at  656.3  nm  is  detected,  which  is  resonant 
with  0  atom  two-photon  excitation.  This  may  result  from  an  endothermic 
collisional  energy  transfer  process  occurring  in  the  microplasma  formed  in  the 
focal  volume  of  the  laser  whose  temperature  is  hotter  than  the  flame 
temperature.  Alternative  explanations,  however,  for  the  H-atom  emission  such 
as  plasma  chemistry/ fast  ion -molecule  reactions,  cannot  be  ruled  out  at  this 
t  ime . 


4.  Since  both  oxygen  atom  and  the  single  hydrogen  atom  emissions  were 
detected  without  a  flame,  the  multiphoton  photolysis  of  the  atom  precursors, 
N2O  and  CH^,  was  indicated.  This  was  substantiated  by  a  study  of  the  order  of 
nonlinearity  of  the  emission  signal. 

5.  The  above  observation  indicates  that  the  laser  multiphoton  flame 
diagnostic  probe  is  potentially  quite  intrusive,  depending  on  the  region  of 
the  flame  being  studied  (i.e.,  the  relative  concentration  of  photochemical 
precursors),  as  well  as  the  laser  energies  utilized  (i.e.,  the  higher  the 
laser  energy,  the  more  prominent  the  higher  order  processes  become).  Thus, 
appropriate  caution  should  be  exercised  in  these  kinds  of  experiments. 


JS.T.  Pr>att,  P.M .  Dehmer,  and  J.L.  Dehmer,  "Resonant  Multiphoton  Ionisation 
of  via  the  Bi v=7,  J=2,  and  4  Levels  ’Jith  Photo  electron  Energy 
Analysis,"  -J .  Chem.  Phys.,  Vol.  78,  p.  4315,  1983. 


llB.B.  Craig,  W.L.  Faust,  L.S .  Goldberg,  and  R.G.  Weiss,  "UV  Short-Pulse 
Fragmentation  of  Isotopically  Labeled  Acetylene:  Studies  of  Emission  wi-th 
Snbaano second  Resolution J.  Chem.  Phys .f  Vol.  76,  p.  5014,  1982. 

Alden,  R.  Edner,  and  S.  Svanberg,  "Simultaneous  Spatially  Resolved 
Monitoring  of  and  OR  in  a  CgZ/g/dg  Flame  Using  a  Diode  Array  Detector," 
Appl .  Phys .  R,  Vol.  29,  p.  93,  1982. 


ACKNOWLEDGEMENTS 

The  authors  would  like  to  express  their  gratitude  to  the  BRL  Director, 
Dr.  R.J.  Eichelberger ,  for  supporting  this  research  under  the  ILIR  Program. 
Also,  numerous  discussions  with  Professors  Paul  J.  Dagdigian,  Johns  Hopkins 
University,  and  Millard  H.  Alexander,  University  of  Maryland,  College  Park, 
were  quite  stimulating  and  helpful. 


REFERENCES 


1.  M.  Alden,  H.  Edner,  P.  Grafstrom,  and  S.  Svanberg,  "Two-Photon  Excitation 
of  Atomic  Oxygen  in  a  Flame,"  Opt.  Comm.,  Vol.  42,  p.  244,  1982. 

2.  R.P.  Lucht,  J.T.  Salmon,  G.B.  King,  D.W.  Sweeney,  and  N.M.  Laurendeau, 
"Two-Photon-Excited  Fluorescence  Measurement  of  Hydrogen  Atoms  in 
Flames,"  Opt.  Lett.,  Vol.  8,  p.  365,  1983. 

3.  J.E.M.  Goldsmith,  "Resonant  Multiphoton  Optogalvanic  Detection  of  Atomic 
Hydrogen  in  Flames,"  Opt.  Lett.,  Vol  7,  p.  437,  1982. 

4.  J.E.M.  Goldsmith,  "Resonant  Multiphoton  Optogalvanic  Detection  of  Atomic 
Oxygen  in  Flames,"  J.  Chem.  Phys.,  Vol.  78,  p.  1610,  1983. 

5.  P.J.H.  Tjossera  and  T.A.  Cool,  "Detection  of  Atomic  Hydrogen  in  Flames  by 
Resonance  Four-Photon  Ionization  at  365  nm,"  Chem.  Phys.  Lett.,  Vol.  100, 
p.  479,  1983. 

6.  C.J.  Dasch  and  J.H.  Bechtel,  "Spontaneous  Raman  Scattering  by  Ground- 
State  Oxygen  Atoms,"  Opt.  Lett..  Vol.  6,  p.  36,  1981. 

7.  R.E.  Teets  and  J.H.  Bechtel,  "Coherent  Anti-Stokes  Raman  Spectra  of 
Oxygen  Atoms  in  Flames,"  Opt.  Lett,,  Vol.  6,  p.  458,  1981. 

8.  W.K.  Bischel,  B.E.  Perry,  and  D.R.  Crosley,  "Two-Photon  Laser-Induced 
Fluorescence  in  Oxygen  and  Nitrogen  Atoms,"  Chem.  Phys.  Lett.,  Vol.  82, 
p.  85,  1981. 

9.  D.R.  Crosley  and  W.K.  Bischel,  "On  Relative  Fine-Structure  Intensities  in 
Two-Photon  Excitation,"  Phys.  Rev.,  in  press  1984. 

10.  S.T.  Pratt,  P.M.  Dehmer,  and  ^.L.  Dehmer,  "Resonant  Multiphoton 
Ionization  of  ^  via  the  B^  I  ,  v=7,  J=2,  and  4  Levels  with  Photoelectron 
Energy  Analysis,"  J.  Chem.  Phys..  Vol.  78,  p.  4315,  1983. 

11.  B.B.  Craig,  W.L.  Faust,  L.S.  Goldberg,  and  R.G.  Weiss,  "UV  Short-Pulse 
Fragmentation  of  Isotoplcally  Labeled  Acetylene:  Studies  of  Emission 
with  Subnanosecond  Resolution,"  J.  Chem.  Phys.,  Vol.  76,  p.  5014,  1982. 

12.  M.  Alden,  H.  Edner,  and  S.  Svanberg,  "Simultaneous  Spatially  Resolved 
Monitoring  of  C2  and  OH  in  a  C2H2/O2  Flame  Using  a  Diode  Array  Detector," 
Appl.  Phys.  B,  Vol.  29,  p.  93,  1982. 


v§| 

£3 

p 

DISTRIBUTION  LIST 

K 

No.  Of 

No.  Of 

Copies 

Organizat ion 

Copies 

Organization 

39 

12 

Administrator 

l 

Director 

t;: 

Defense  Technical  Info  Center 

USA  Air  Mobility  Research  and 

ATTN:  DTIC-DDA 

Development  Laboratory 

'J5fl 

Cameron  Station 

Ames  Research  Center 

• 

Alexandria,  VA  22314 

Moffett  Field,  CA  94035 

1 

HQ  DA 

4 

Commander 

vt- 

DAMA-ART-M 

US  Army  Research  Office 

$■: 

Washington,  DC  20310 

ATTN:  R.  Hhirardelli 

D .  Mann 

i 

1 

Commander 

R.  Singleton 

US  Army  Materiel  Command 

D.  Squire 

1: 

ATTN :  AMCDRA-ST 

P.  O.  Box  12211 

5001  Eisenhower  Avenue 

Research  Triangle  Park,  NC 

£v. 

Alexandria,  VA  22333 

27709 

& 

Commander 

1 

Commander 

p« 

l 

USA  Communications  Research 

Vs 

Armament  R&D  Center 

and  Development  Command 

USA  AMCCOM 

ATTN:  AMSEL  -ATDD 

ATTN:  SMCAR-TDC 

Dover,  NJ  07801 

Fort  Monmouth,  NJ  07703 

! 

Commander 

1 

Commander 

USA  Electronics  Research  and 

Armament  R&D  Center 

Development  Command 

USA  AMCCOM 

Technical  Support  Activity 

|J 

ATTN:  SMCAR-TSS 

ATTN:  AMDSD  -L 

Dover,  NJ  07801 

Fort  Monmouth,  NJ  07703 

ts 

1 

Commander 

2 

Commander 

PI 

USA  AMCCOM 

USA  AMCCOM 

jfe 

ATTN:  AMSMC  -LEP-L 

ATTN:  SMCAR-LCA-G. 

Rock  Island,  IL  61299 

D.S.  Downs 

J.A.  Lannon 

fcv' 

l 

Director 

Dover,  NJ  07801 

331 

Benet  Weapons  Laboratory 

£■ 

Armament  R&D  Center 

1 

Commander 

USA  AMCCOM 

USA  AMCCOM 

S-> 

ATTN:  SMCAR-LCB-TL 

ATTN:  SMCAR  -LC  ,  L.  Harris 

'*v 

'V 

Watervliet,  NY  12189 

Dover,  NJ  07801 

l 

Commander 

1 

Commander 

USA  Aviation  Research  and 

USA  AMCCOM 

s 

Development  Command 

ATTN:  SMCAR-SCM-T, 

y. 

£ 

*£> 

ATTN:  AMSAV-E 

L.  Stiefel 

4300  Good  fellow  Blvd. 

St.  Louis,  MO  63120 

Dover,  NJ  07801 

cl 

19 

17 

a 

i*;- 

y*. 

y».*\. 

^  ^»m«%gixsa 

DISTRIBUTION  LIST 


No.  Of 
Copies 


Organization 


No.  Of 
Copies 


Organization 


1  Commander 

USA  Missile  Command 

ATTN:  AMSMI-R 

Redstone  Arsenal,  AL  35898 

1  Commander 

USA  Missile  Command 

ATTN:  AMSMI-YDL 

Redstone  Arsenal,  AL  35898 

2  Commander 

USA  Missile  Command 

ATTN:  AMSMI-RK,  D.J.  Ifshin 

Redstone  Arsenal,  AL  35898 

1  Commander 

USA  Tank  Automotive 
Command 

ATTN:  AMSTA-TSL 
Warren,  MI  48090 

1  Director 

USA  TRADOC  Systems  Analysis 
Activity 
ATTN:  ATAA-SL 
WSMR,  NM  88002 

1  Commandant 

US  Army  Infantry  School 
ATTN :  ATSH-CD-CSO-OR 
Fort  Benning,  GA  31905 

1  Commander 

US  Army  Development  and 
Employment  Agency 
ATTN:  MODE-TED-SAB 
Fort  Lewis,  WA  98433 

1  Office  of  Naval  Research 

Department  of  the  Navy 
ATTN:  R.S.  Miller,  Code  432 
800  N.  Quincy  Street 
Arlington,  VA  22217 


1  Commander 

Naval  Air  Systems  Command 
ATTN:  J.  Ramnarace, 

AIR-54 11 1C 

Washington,  DC  20360 

3  Commander 

Naval  Ordnance  Station 
ATTN:  C.  Irish 

S.  Mitchell 
P.L.  Stang,  Code  515 
Indian  Head,  MD  20640 

1  Commander 

Naval  Surface  Weapons  Center 
ATTN:  J.L.  East,  Jr.,  G-20 
Dahlgren,  VA  22448 

2  Commander 

Naval  Surface  Weapons  Center 
ATTN:  R.  Bernecker,  R-13 

G.B.  Wilmot,  R-16 
Silver  Spring,  MD  20910 

4  Commander 

Naval  Weapons  Center 
ATTN:  R.L.  Derr,  Code  389 
China  Lake,  CA  93555 

2  Commander 

Naval  Weapons  Center 
ATTN:  Code  3891,  T.  Boggs 
K.J.  Graham 

China  Lake,  CA  93555 

5  Commander 

Naval  Research  Laboratory 
ATTN:  L.  Harvey 

J .  McDonald 
E.  Oran 
J .  Shnur 

R.J.  Doyle,  Code  6110 
Washington,  DC  20375 


1  Navy  Strategic  Systems  i  Commander 

Project  Office  Naval  Underwater  Systems 

ATTN:  R.D.  Kinert,  SP  2731  Center  Weapons  Dept. 

Washington,  DC  20376  ATTN:  R.S.  Lazar/Code  36301 

Newport,  RI  02840 


DISTRIBUTION  LIST 


No.  Of 
Copies 


Organization 


Superintendent 
Nav  il  Postgraduate  School 
Dept,  of  Aeronautics 
ATTN:  D.W.  Netzer 

Monterey,  CA  93940 

AFRi’L  ( DRSC) 

ATTN:  R.  Geisler 

D.  George 
B.  Goshgarian 
J.  Levine 
W.  Roe 
D.  Weaver 

Edwards  AFB,  CA  93523 

ADTC/AFATL/DLDL 
ATTN:  O.K.  Heiney 
Eg  Lin  AFB,  FL  32542 

AFOSR 

ATTN:  L.H.  Caveny 

Bolling  Air  Force  Bose 
Washington,  DC  20332 

AFWL/SUL 

Kir  t land  AFB,  NM  87117 

Director 

NASA 

Langley  Research  Center 
ATTN:  G.B.  Northam/MS  168 
Hampton,  VA  23365 

National  Bureau  of  Standards 
ATTN:  J.  Hastie 
M.  Jacox 
T.  Kashiwagi 
H.  Semerj ian 

US  Department  of  Commerce 
Washington,  DC  20234 

Aerojet  Solid  Propulsion  Co, 
ATTN:  P.  Michel i 

Sacramento,  CA  95813 

Applied  Combustion 
Technology,  Inc. 

ATTN:  A.M.  Varney 
P.0.  Box  17885 
Orlando,  FL  32860 


No.  Of 
Copies 


Organization 


Atlantic  Research  Corp. 

ATTN:  M.K.  King 
5390  Cherokee  Avenue 
Alexandria,  VA  22314 

Atlantic  Research  Corp. 

ATTN:  R.H.W.  Waesche 

7511  Wellington  Road 
Gainesville,  VA  22065 

AVCO  Everett  Rsch.  Lab.  Div. 
ATTN:  D.  Stickler 
2385  Revere  Beach  Parkway 
Everett,  MA  02149 

Battelle  Memorial  Institute 
Tactical  Technology  Center 
ATTN:  J.  Huggins 
505  King  Avenue 
Columbus,  OH  43201 

Exxon  Research  &  Eng.  Co. 
ATTN :  A.  Dean 
M.  Chou 
P.0.  Box  45 
Linden,  NJ  07036 

Ford  Aerospace  and 
Communications  Corp. 

DIVAD  Division 
Div.  Hq.,  Irvine 
ATTN:  D.  Williams 
Main  Street  &  Ford  Road 
Newport  Beach,  CA  92663 

General  Electric  Armament 
&  Electrical  Systems 
ATTN:  M.J.  Bulman 
Lakeside  Avenue 
Burlington,  VT  0540  1 

General  Electric  Company 
ATTN:  M.  Lapp 
2352  Jade  Lane 
Schenectady,  NY  12309 


DISTRIBUTION  LIST 


No.  Of 

Copies  Organization 

l  General  Motors  Rsch  Labs 

Physics  Department 
ATTN:  J.H.  Bechtel 
Warren,  MI  48090 

3  Hercules,  Inc. 

Allegheny  Ballistics  Lab. 

ATTN:  R.R.  Miller 
P.0.  Box  210 
Cumberland,  MD  21501 

3  Hercules,  Inc. 

Bacchus  Works 
ATTN:  K.P.  McCarty 

P.0.  Box  98 
Magna,  UT  84044 

1  Hercules,  Inc. 

AFATL/DLDL 

ATTN:  R.L.  Simmons 

Eglin  AFB,  FL  32542 

1  Honeywell,  Inc. 

Defense  Systems  Division 
ATTN:  D.E.  Broden/ 

MS  MN50-2000 
600  2nd  Street  NE 
Hopkins,  MN  55343 

1  IBM  Corporation 

ATTN:  A.C.  Tam 
Research  Division 
5600  Cottle  Road 
San  Jose,  CA  95193 

1  Director 

Lawrence  Livermore  Laboratory 
P.0.  Box  808 
ATTN:  C.  Westbrook 
Livermore,  CA  94550 

1  Lockheed  Missiles  &  Space  Co. 

ATTN:  George  Lo 
3251  Hanover  Street 
Dept.  52-35/B204/2 
Palo  Alto,  CA  94304 


No.  Of 

Copies  Organization 

1  Los  Alamos  National  Lab 

ATTN:  B.  Nichols 
T7,  MS-B284 
P.0.  Box  1663 
Los  Alamos,  NM  87544 

1  Olin  Corporation 

Smokeless  Powder  Operations 
ATTN:  R.L.  Cook 
P.0.  Box  222 
St.  Marks,  FL  32355 

1  Paul  Gough  Associates,  Inc. 
ATTN:  P.S.  Gough 

1048  South  Street 
Portsmouth,  NH  03801 

2  Princeton  Combustion 

Research  Laboratories,  Inc. 
ATTN:  M.  Summer  field 
N.A.  Messina 
475  US  Highway  One 
Monmouth  Junction,  NJ  08852 

1  Hughes  Aircraft  Company 

ATTN:  T.E.  Ward 
8433  Fallbrook  Avenue 
Canoga  Park,  CA  91303 

1  Rockwell  International  Corp. 
Rocketdyne  Division 

ATTN:  J.E.  Flanagan/HB02 
6633  Canoga  Avenue 
Canoga  Park,  CA  91304 

2  Sandia  National  Laboratories 
Combustion  Sciences  Dept. 
ATTN:  R.  Cattollca 

D.  Stephenson 
P.  0.  Box  969 
Livermore,  CA  94554 

1  Sandia  National  Laboratories 

ATTN:  M.  Sraooke 
Division  8353,  P.  0.  BOX  969 
Livermore,  CA  94550 

l  Science  Applications,  Inc. 

ATTN:  R.B.  Edelman 
23146  Cumorah  Crest 
Woodland  Hills,  CA  91364 


No.  Of 
Cop  i  t>s 


Organizat ion 


DISTRIBUTION  LIST 

No.  Of 
Copies 


Science  Applications,  Inc, 
ATTN:  H.S.  Pergaraent 

1100  State  Road,  Bldg.  N 
Princeton,  NJ  08540 

United  Technologies 
ATTN:  A.C.  Eckbreth 
East  Hartford,  CT  06108 

3R[  International 
ATTN:  S.  Barker 

I).  Crosley 
D.  GoLden 
Tech  Lib 

333  Ravenswood  Avenue 
Menl  -)  Park,  CA  94025 

Stevens  Institute  of  Tech. 
Davidson  Laboratory 
ATTN:  R.  McAlevy,  III 

Hoboken,  NJ  07030 

Teledyne  McCorniack-Selph 
ATTN:  C.  Lever itt 

3601  Union  Road 
Hollister,  CA  95023 

Thiokol  Corporation 
Elkton  Division 
ATTN:  W.N.  Brundige 

P.0.  Box  241 
Elkton,  MD  21921 

Thiokol  Corporation 
Huntsville  Division 
ATTN:  D.A.  Flanagan 

Huntsville,  AL  35807 

Thiokol  Corporation 
Wasatch  Division 
ATTN:  J . A.  Peterson 
P.0.  Box  524 

Brigham  City,  UT  84302 


Organizat ion 


United  Technologies  Corp. 

ATTN :  R . S .  Br  own 

R.O.  McLaren 
P.0.  Box  358 
Sunnyvale,  CA  94086 

Universal  Propulsion  Company 
ATTN:  H.J.  McSpadden 

Black  Canyon  Stage  1 
Box  1140 

Phoenix,  AZ  85029 

Veritay  Technology,  Inc. 

ATTN:  E.B.  Fisher 

P.0.  Box  22 

Bowmansville,  NY  14026 

Brigham  Young  University 
Dept,  of  Chemical  Engineering 
ATTN:  M.W.  Beckstead 
Provo,  UT  84601 

Director 

Jet  Propulsion  Laboratory 
ATTN:  MS  125/159 
4800  Oak  Grove  Drive 
Pasadena,  CA  91109 

California  Institute  of 
Technology 

ATTN:  F.E.C.  Culick/ 

MC  301-46 
204  Karman  Lab. 

Pasadena,  CA  91125 

University  of  California, 
Berkeley 

Mechanical  Engineering  Dept. 
ATTN:  J.  Daily 
Berkeley,  CA  94720 

University  of  California 
Los  Alamos  National  Lab. 

ATTN:  T.D.  Butler 

P.0.  Box  1663,  Mail  Stop  B216 

Los  Alamos,  NM  87544 


'Vl'iO 


>  V 


s 


No.  Of 
Copies 


Organization 


DISTRIBUTION  LIST 

No.  Of 
Copies 


University  of  California, 
Santa  Barbara 
Quantum  Institute 
ATTN:  K.  Schofield 
M.  Steinberg 

Santa  Barbara,  CA  93106 

University  of  Southern 
California 
Dept,  of  Chemistry 
ATTN:  S.  Benson 

Los  Angeles,  CA  90007 

Case  Western  Reserve  Univ. 
Div.  of  Aerospace  Science^ 
ATTN:  J.  Tien 
Cleveland,  OH  44 1 3 S 

Cornell  University 
Department  of  Chemistry 
ATTN:  E.  Grant 

Baker  Laboratory 
Ithaca,  NY  1485  0 

Univ.  of  Dayton  Rsch  Inst, 
ATTN:  D.  Campbell 

AFRPL/PAP  Stop  24 
Edwards  AFB,  CA  93523 

University  of  Florida 
Dept,  of  Chemistry 
ATTN:  J.  Winefordner 
Gainesville,  FL  32601 

Georgia  Institute  of 
Technology 
School  of  Aerospace 
Engineering 
ATTN:  E.  Price 
Atlanta,  GA  30332 

Georgia  Institute  of 
Technology 
School  of  Aerospace 
Engineering 
ATTN:  W.C.  Strahle 
B.T.  Zinn 

Atlanta,  GA  30332 


Organization 


University  of  Illinois 
Dept,  of  Mech.  Eng. 

ATTN:  H.  Krier 
144MEB,  1206  W.  Green  St. 
Urbana,  IL  61801 

Johns  Hopkins  University/APL 
Chemical  Propulsion 
Information  Agency 
ATTN:  T.W.  Christian 
Johns  Hopkins  Road 
Laurel,  MD  20707 

University  of  Minnesota 
Dept,  of  Mechanical 
Engineering 
ATTN:  E.  Fletcher 
Minneapolis,  MN  55455 

Pennsylvania  State  University 
Applied  Research  Laboratory 
ATTN:  G.M.  Faeth 
K.K.  Kuo 

H.  Palmer 
M.  Micci 

University  Park,  PA  16802 

Polytechnic  Institute  of  NY 
ATTN:  S.  Lederman 
Route  110 

Farmingdale,  NY  11735 

Princeton  University 
Forrestal  Campus  Library 
ATTN:  K.  Brez insky 

I.  Glassman 
P.0.  Box  710 
Princeton,  NJ  08540 

Princeton  University 
MAE  Dept. 

ATTN:  F.A.  Williams 
Princeton,  NJ  08544 


DISTRIBUTION  LIST 


0 


a 


m 


No.  Of 
Copies 


Organization 


Purdue  University 
School  of  Aeronautics 
and  Astronautics 
ATTN:  R.  Click 

-I.R.  Osborn 
Grissom  Hall 
West  Lafayette,  IN  A 


No.  Of 
Copies 


Organization 


47906 


Purdue  University 
School  of  Mechanical 
Eng ineer ing 

ATTN:  N.M.  Laurendeau 

S.N.B.  Murthy 
D.  Sweeney 
TSPC  Chaffee  Hall 
West  Lafayette,  IN  47906 

Rensselaer  Polytechnic  Inst. 
Dept,  of  Chemical  Engineering 
ATTN:  A.  Fontijn 

Troy,  NY  12181 

Southwest  Research  Institute 
ATTN:  R.E.  White 

A. B.  Wenzel 
8500  Culebra  Road 
San  Antonio,  TX  78228 

Stanford  University 
Dept,  of  Mechanical 
Engineering 
ATTN:  R.  Hanson 

Stanford,  CA  94305 

Uni versity  of  Texas 
Dept,  of  Chemistry 
ATTN:  W.  Gardiner 

H.  Schaefer 
Austin,  TX  78712 

University  of  Utah 

Dept,  of  Chemical  Engineering 

ATTN:  G.  Flandro 

Salt  Lake  City,  UT  84112 

Virginia  Polytechnic 
Institute  and 
State  University 
ATTN:  J.A.  Schetz 
Blacksburg,  VA  24061 


Aberdeen  Proving  Ground 


Dir,  USAMSAA 
ATTN:  AMXSY  -D 

AMXSY  -MP,  H.  Cohen 
Cdr ,  USATEC0M 

ATTN:  AMSTE  -TO-F 
Cdr,  CRDC,  AMCCOM 
ATTN:  SMCCR-RSP-A 
SMCCR-MU 
SMCCR-SPS-IL 


USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the 
reports  it  publishes.  Your  comments/answers  to  the  items/questions  below  will 
aid  us  in  our  efforts. 

1.  BRL  Report  Number _ Date  of  Report _ 

2.  Date  Report  Received _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or 

other  area  of  interest  for  which  the  report  will  be  used. ) _ 


4.  How  specifically,  is  the  report  being  used?  (Information  source,  design 
data,  procedure,  source  of  ideas,  etc.) _ 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far 
as  man-hours  or  dollars  saved,  operating  costs  avoided  or  efficiencies  achieved 
etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future 
reports?  (Indicate  changes  to  organization,  technical  content,  format,  etc.) 


Name 


CURRENT 

ADDRESS 


Organization 


Address 


City,  State,  Zip 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the 
New  or  Correct  Address  in  Block  6  above  and  the  Old  or  Incorrect  address  below. 


OLD 

ADDRESS 


Name 


Organization 


Address 


City,  State,  Zip 


(Remove  this  sheet  along  the  perforation,  fold  as  indicated,  staple  or  tape 
closed,  and  mail.) 


V‘r  *■ 


-  FOLD  HERE 


A 

f. 


V, 


Director 

US  Army  Ballistic  Research  Laboratory 
ATTN:  AMXBR-OD-ST 

Aberdeen  Proving  Ground,  MD  21005-5066 


v 

h.'  s' 


OFFICIAL  BUSINESS 

PENALTY  FOR  PRIVATE  USE.  *300 


BUSINESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  NO  12062  WASHINGTON, DC 
POSTAGE  WILL  be  paio  by  DEPARTMENT  OF  THE  ARMY 


Director 

US  Army  Ballistic  Research  Laboratory 
ATTN:  AMXBR-OD-ST 

Aberdeen  Proving  Ground,  MD  21005-9989 


NO  POSTAGE 
NECESSARY 
IF  MAILED 
IN  THE 

UNITED  STATES 


FOLD  HERE  - 


